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palms.	Our	 findings	contribute	 toward	a	growing	appreciation	of	 the	complexity	of	
plant	responses	to	past	geological	changes	and	also	provide	valuable	baseline	genetic	
data	on	relict	American	palm	species.





of	 ecological	 knowledge	 from	 conservation	 to	 the	 understanding	
of	 ecosystem	 function	 and	 structure.	 Current	 species	 distributions	
arise	 from	the	 interplay	of	various	evolutionary,	ecological	and	geo-
logical	forces	as	well	as	from	stochastic	effects	acting	on	species	and	
populations.	Multiple	 factors	 have	 been	 implicated	 in	 shaping	 spe-
cies	 distributions	 including	 contemporary	 climate	 conditions	 (Currie	
et	al.,	2004;	Svenning	&	Skov,	2007),	Quaternary	climatic	oscillations	







California	 is	also	considered	a	“natural	 laboratory”	 in	which	multiple	
geological	and	ecological	events	are	thought	to	have	triggered	cycles	





classified	on	 the	basis	of	 their	 timing	 and	 strength	 (Dolby,	Bennett,	
Lira-	Noriega,	Wilder,	&	Munguia-	Vega,	2015).	The	continental	rifting	
of	the	Peninsula	away	from	mainland	Mexico	and	the	volcanic	upwell-





Rosas-	Escobar,	 Gernandt,	 Pinero,	 &	Garcillan,	 2011).	More	 recently	







sive	 aridification	of	 the	Baja	Peninsula	 and	 adjacent	 areas	 after	 the	
















shows	 that	 during	 the	 late	Cretaceous,	 palms	were	 common	 across	
North	America	 and	 extended	much	 further	 than	 their	 current	 geo-
graphic	distribution	(Couvreur,	Forest,	&	Baker,	2011;	Harley,	2006).
Two	native	palm	genera	 (Washingtonia	 spp.	and	Brahea	 spp.)	 are	
currently	present	on	the	Baja	Peninsula	(Minnich,	Franco-	Vizcaino,	&	
Salazar-	Ceseña,	2011).	The	genus	Washingtonia	is	represented	by	two	
species,	W. robusta	 and	W. filifera,	 but	 the	 taxonomical	 relationships	
within	this	genus	are	poorly	resolved	(Felger	&	Broyles,	2007;	Felger	&	
Joyal,	1999;	Henderson,	Galeano,	&	Bernal,	1995;	McClintock,	1978).	
W. filifera	 is	 distributed	 from	 southeastern	 California	 and	 western	
Arizona	to	northern	Baja	California	 (McClintock,	1978).	By	contrast,	
W. robusta	 is	 locally	 distributed	 near	 Cataviña	 and	 Sierra	 Asamblea	






























tainties	 (Felger	 &	 Joyal,	 1999;	 Felger	 et	al.,	 2001;	 Henderson	 et	al.,	







and	 levels	of	 intraspecific	 genetic	diversity	 remain	 to	be	elucidated.	
Previous	 studies	have	examined	certain	aspects	of	 the	 fundamental	
ecology	of	 these	species	 such	as	growth	 rates,	mechanisms	of	 seed	
dispersal	 and	 herbivore–plant	 interactions	 (Bullock	 &	 Heath,	 2006;	
Franco-	Vizcaino	 et	al.,	 2007;	 Wehncke	 &	 López-	Medellín,	 2015;	
Wehncke,	 López-	Medellín,	 Wall,	 &	 Ezcurra,	 2013;	 Wehncke	 et	al.,	
2010).	The	geographic	distributions	of	certain	species	based	on	mor-
phological	 characteristics	 such	 as	 stem	 size,	 leaf	 shape	 and	 color,	
fruit	shape	and	size,	have	also	been	described	(Cornett	2008;	Felger	
&	Joyal,	1999;	Oberbauer,	2005;	Minnich	et	al.,	2011).	However,	be-







of	 diverse	 taxa,	 including	 the	 Aracaceae	 (Baker	 &	 Couvreur,	 2013;	
Couvreur	et	al.,	2011;	Kissling,	Baker,	et	al.,	2012;	Kissling,	Eiserhardt,	
     |  3KLIMOVA et AL.
et	al.,	 2012;	 Kondo	 et	al.,	 2012).	 However,	 the	 majority	 of	 studies	
of	 palms	 have	 focused	 on	 commercially	 important	 species	 (Barrett,	
Bacon,	Antonelli,	Cano,	&	Hofmann,	2016)	and	we	are	not	aware	of	
any	published	genetic	studies	of	Washingtonia or Brahea	species,	with	
the	 exception	 of	 a	 single	 allozyme	 study	 of	 W. filifera	 in	 California	
(McClenaghan	&	Beauchamp,	1986).
Here	we	used	Washingtonia	and	Brahea	palms	as	a	case	study	to	
explore	 how	 tropical	 species	 may	 have	 responded	 to	 the	 complex	
geological	 and	 ecological	 history	 of	 the	 mostly	 arid	 Baja	 California	
Peninsula	and	adjacent	Guadalupe	Island.	These	genera	share	similar	
life	histories	and	habitat	requirements	yet	both	occupy	the	northern	
limit	 of	 the	Arecaceae	 distributional	 range,	 are	 endemic	 and	 locally	
rare.	To	provide	 the	 first	baseline	genetic	data	on	Washingtonia	 and	
Brahea	palms	from	this	region,	we	used	a	classical	Sanger	sequencing	




Washingtonia	 and	 Brahea	 palms	 exhibit	 similar	 patterns	 of	 genetic	
structure	along	the	Baja	Peninsula?	(ii)	Is	the	restricted	distribution	of	
desert	 palms	 reflected	 in	 low	 genetic	 diversity	 and	 high	 divergence	
between	major	geographic	regions?	(iii)	Are	patterns	of	geographically	
structured	genetic	variation	concordant	with	major	historical	vicariant	
events	 that	 shaped	 the	 region	 such	as	 the	 formation	of	 the	Gulf	of	
California,	the	inundation	of	the	Isthmus	of	La	Paz	and	the	formation	
of	Guadalupe	Island?
2  | MATERIALS AND METHODS
2.1 | Sampling
A	total	of	176	samples	were	collected	from	a	total	of	five	palm	species	
(Washingtonia	 and	Brahea)	 identified	on	 the	basis	 of	 their	morphol-
ogy	 in	 the	 field.	 Specimens	were	 collected	 from	 virtually	 all	 acces-
sible	oases	throughout	the	Baja	California	Peninsula	as	well	as	from	
Guadalupe	 Island	 and	 two	 sites	 in	 Sonora,	 Mexico	 (Figure	1).	 We	
avoided	sampling	immediately	adjacent	trees	in	order	not	to	include	
close	relatives	in	our	dataset.	Although	our	total	sample	size	is	mod-




represented	 by	 only	 5–10	 individuals.	 The	 full	 distributional	 ranges	
of	W. robusta,	B. armata,	B. edulis,	and	B. brandegeei	were	covered,	al-
though	W. filifera	was	represented	by	samples	only	 from	Mexico.	 In	
total	we	 collected	91	Washingtonia	 samples	 from	eight	 populations	
(sierras),	of	which	eight	samples	corresponded	to	W. filifera	and	83	to	
W. robusta.	 For	Brahea,	we	 collected	85	 samples	 from	nine	popula-
tions	 (sierras)	and	 tenth	popilation	 from	Guadalupe	 Island,	of	which	
17	samples	belonged	to	B. edulis,	29	to	B. armata	and	39	to	B. brande-
geei.	As	some	authors	(e.g.,	Henderson	et	al.,	1995)	have	argued	that	







DNA	 extraction	 was	 performed	 using	 QIAGEN	 DNeasy	 plant	 mini	
kit	 (Valencia,	CA,	USA).	As	we	are	unaware	of	 any	population-	level	
genetic	 studies	 of	Washingtonia or Brahea,	we	 first	 evaluated	 three	
nuclear	and	seven	chloroplast	loci	that	have	previously	been	used	in	
phylogenetic	and	biogeographic	studies	of	Arecaceae	(Bacon,	Baker,	
&	 Simmons,	 2011;	 Bacon,	 Feltus,	 Paterson,	 &	 Bailey,	 2008;	 CBOL	















ethidium	 bromide.	 All	 positive	 PCR	 products	 were	 sent	 to	 Arizona	
GeneCore	for	sequencing	in	both	directions.	The	resulting	sequence	













versity	 statistics	 including	 the	number	of	variable	 sites,	 the	number	
of	haplotypes,	nucleotide	and	haplotype	diversities,	and	the	number	
of	shared	haplotypes	were	then	computed	using	DnaSP	5.1	(Librado	




Crandall,	 &	 Sing,	 1992)	 in	 PopArt	 (http://popart.otago.ac.nz,	 June	


















Sierra	 San	 Pedro	 (SSP),	 Sierra	 Libertad	 (SLI),	 Sierra	 Asamblea	 (SA),	
Cataviña	(Cat),	Sierra	San	Pedro	Martir	(SSPM)	and	Sierra	Juárez	(SJ);	
while	the	final	geographical	region	corresponded	to	Guadalupe	Island	





alternative	 scenarios	 (Figure	2).	 Each	 scenario	 specified	 a	 hierarchi-
cal	partitioning	of	populations	within	regions/groups,	and	the	nesting	




busta	 and	 three	 groups	were	 specified	 for	Brahea	 corresponding	 to	
B. edulis,	B. armata,	 and	B.	brandegeei).	 Second,	 for	 the	Washingtonia 
palms,	we	constructed	a	scenario	based	on	the	isolation	of	the	main-
land	and	peninsular	populations	after	the	formation	of	Sea	of	Cortez	










of	 the	 sierras,	which	 should	 be	 reflected	 in	 each	 sierra	 harboring	 a	
genetically	 distinctive	 population.	 Eight	 groups	 were	 specified	 for	





















To	 better	 understand	 the	 current	 and	 past	 population	 dynamics	 of	
Washingtonia	 and	 Brahea	 palms	 along	 the	 Baja	 Peninsula	 we	 per-
formed	 Ecological	 Niche	 Modeling	 (ENM)	 using	 the	 maximum	 en-
tropy	method	 implemented	 in	Maxent	3.4.0	 (Phillips,	2017;	Phillips,	
Anderson,	&	Schapire,	 2006).	Maxent	 attempts	 to	estimate	 a	prob-
ability	 distribution	 of	 species	 occurrence	 that	 is	 closest	 to	 uniform	





referenced	 occurrence	 data	 from	www.gbif.org	 and	www.bajaflora.





Number of  
sampling sites in 
each Sierra
Number of  
collected samples per 
population





W  robusta Cabo	Region	(SL) 5 16 16 11
Sierra	Mechudo	(SM) 9 28 28 26
Sierra	La	Giganta	(SG) 5 12 12 12
Sierra	San	Pedro	(SSP) 1 4 4 3
Sierra	Aguaje	(Son) 2 10 10 9
San	Fransisco	de	la	Sierra	
(SSF)	+	Sierra	Libertad	(SLI)
2 8 7 7
Cataviña	(Cat) 2 5 5 5
W. filifera Sierra	Juárez	(SJ) 3 8 7 8
Total	Washingtonia 29 91 89 81
B. brandegeei Cabo	Region	(SL) 7 18 18 17
Sierra	Mechudo	(SM) 3 9 9 8
Sierra	San	Pedro	(SSP) 1 5 5 3
San	Fransisco	de	la	Sierra	(SSF) 2 7 6 7
B. armata Sierra	Libertad	(SLI) 3 7 7 7
SierraAsamblea	(SA) 1 4 4 2
Cataviña	(Cat) 2 5 5 5
Sierra	San	Pedro	Mártir	(SSPM) 4 7 5 7
Sierra	Juárez	(SJ) 2 6 6 6
B. edulis Guadalupe	Island	(GI) 3 17 14 17
B. elegans Sonora	(BEL) 1 1 1 1
Total	Brahea 29 86 80 80
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variables	that	we	considered	might	have	the	strongest	effect	on	the	
distribution	of	 these	species	 (mean	 temperature	of	wettest	quarter,	
mean	 temperature	of	driest	quarter,	mean	 temperature	of	warmest	
quarter,	mean	temperature	of	coldest	quarter,	precipitation	of	wettest	












Cameron,	 Parra,	 Jones,	 &	 Jarvis,	 2005;	 Otto-	Bliesner,	 Marshall,	
Overpeck,	Miller,	&	Hu,	2006;	Watanabe	et	al.,	2011).	For	each	run,	
we	used	the	default	settings	with	30	bootstrap	replicates.	The	area	
under	 the	 receiver	 operating	 curve	 (AUC)	was	 calculated	 to	 assess	
the	model	accuracy,	with	values	between	0.7	and	0.9	indicating	good	





a	niche	 identity	 test	using	ENMtools	1.4.4	 (Warren,	Glor,	&	Turelli,	
2010)	with	1,000	pseudoreplicates.	We	then	compared	a	distribution	
of	 niche	 similarities	 obtained	 from	pairs	 of	 pseudoniches	based	on	
randomly	 sampled	occurrence	points	with	 the	 actual	 niche	overlap	













trnF-	trnL	for	 further	analysis.	The	other	 loci	either	 lacked	sequence	








Numbers	 KY911112-KY911153).	 In	 total,	 we	 obtained	 89	 nuclear	
and	81	plastid	sequences	for	Washingtonia	palms	and	80	nuclear	and	
80	 plastid	 sequences	 from	Brahea	 palms,	 including	 a	 single	 sample	
of	B. elegans	 from	Mexican	mainland	 (See	Section	2	and	Table	1	 for	






our	sample	size	was	sufficiently	 large	 to	encompass	 the	majority	of	
the	genetic	diversity	present	within	the	studied	species	(Figure	S1).
3.3 | Relationships among and within species




W. robusta W. filifera B. armata B. brandegeei B. edulis
(a)	Chloroplast n	samples 73 8 27 35 17
n	haplotypes 5 2 1 2 1
Variable	sites 4 1 – 6 –
h 0.53 0.43 – 0.51 –
π 0.0003 0.0002 – 0.001 –
(b)	Nuclear n	samples 82 7 27 38 14
n	haplotypes 7 1 5 7 1
Variable	sites 6 – 4 5 –
h 0.34 – 0.72 0.70 –
π 0.0006 – 0.0013 0.0014 –
h	haplotype	diversity	and	π	nucleotide	diversity.	We	excluded	B. elegans	from	these	analyses	as	it	was	represented	only	by	one	sample.





and	 4a).	 Accordingly,	 when	 we	 plotted	 the	 spatial	 distributions	





Within	 the	Brahea	 complex,	 contrasting	 results	were	 obtained	
for	 the	 plastid	 and	 nuclear	 sequence	 data	 (Figures	3a,c	 and	 4a,c).	
Despite	extensive	sampling	and	having	sequenced	over	2,000	bp	of	
chloroplast	DNA,	all	of	the	B. armata,	B. edulis,	and	northern	B. bran-




from	B. armata	and	B. edulis. B. brandegeei	was	represented	by	two	
haplotypes,	 one	of	which	was	 shared	with	B. armata	 and	B. edulis,	
whereas	 another	 haplotype	 was	 only	 found	 in	 samples	 from	 the	
SL	 population	 (Figure	3c).	 Correspondingly	 greater	 haplotype	 di-
versity	was	found	at	the	nuclear	sequence	data,	with	a	total	of	11	
haplotypes	detected,	 although	most	of	 these	were	present	at	 low	
frequencies.	 There	was	 also	 considerably	more	 haplotype	 sharing	
among	the	Brahea	species,	with	only	B. edulis	being	distinguished	by	
a	unique	nuclear	haplotype	 (Figure	4a).	Spatial	distributions	of	the	





For	 example,	within	Washingtonia	 and	 for	 both	 the	 chloroplast	 and	
nuclear	 data,	 pairwise	Fst	 and	Φst	 values	were	 large	 and	 highly	 sig-
nificant	 for	 the	 comparisons	between	W. filifera	 (SJ)	 and	 the	penin-















Next,	 we	 used	 AMOVA	 to	 assess	 how	 sequence	 variation	 was	
partitioned	among	species	and	a priori	 defined	geographical	 regions	
(Figure	2	and	Table	S3a,b).	All	partitioning	schemes	yielded	significant	
estimates	of	among-	region	differentiation.	In	the	case	of	Washingtonia 
palms,	of	 the	 three	hypotheses	 that	we	 tested,	 the	grouping	of	 the	
samples	 into	 three	 regions	 corresponding	 to	 W. robusta	 from	 the	
mainland,	W. robusta	 from	 the	 Baja	 Peninsula	 and	W. filifera	 yielded	
the	largest	among-	region	variance	components	for	nuclear	(87%)	and	
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plastid	 (94%)	 data	 (Scenario	 2	 in	 Figure	2a).	 For	 Brahea	 palms,	 the	
proportion	of	variance	attributable	 to	differences	among	 the	 ten	si-
erras	was	greatest,	at	around	66%	(Scenario	3	in	Figure	2b),	followed	
by	among	 taxonomically	designated	species	 (62%)	and	B. brandegeei 
being	restricted	to	SL	(50%)	(Table	S4).
3.4 | Bayesian cluster analysis
The	 above	 results	 were	 strongly	 supported	 by	 Bayesian	 cluster	
analyses	of	the	combined	chloroplast	and	nuclear	sequence	datasets	
conducted	within	 BAPS.	Without	 utilizing	 prior	 information	 on	 the	
sampling	 locations	 of	 individual	 palms,	 analysis	 of	 the	 chloroplast	
data	 revealed	 support	 for	 four	 genetic	 clusters	 (K	=	4,	 Figure	S2a).	
Two		clusters	were	found	within	Washingtonia,	corresponding	to	the	
taxonomically	defined	W. filifera	and	W. robusta.	A	further	 two	clus-




nuclear	data,	only	 three	clusters	were	 identified	 (K	=	3,	Figure	S2b).	
TABLE  3 Estimates	of	genetic	differentiation	among	eight	populations	of	Washingtonia.	Pairwise	Fst	and	Φst	values	(above	and	below	the	
diagonal	respectively)	are	shown	separately	for	(a)	chloroplast	and	(b)	nuclear	genes
Sierra (Population) SJ Cat SLI + SSF SSP SG SM SL Son
(a)	Chloroplast SJ – 0.97*** 0.96*** 0.98** 0.97*** 0.97*** 0.98*** 0.97***
Cat 0.58*** – −0.15 −0.13 −0.12 −0.13 −0.11 0.74***
SLI	+	SSF 0.46** −0.11 – −0.06 −0.08 −0.04 0.03 0.68***
SSP 0.69** −0.13 0.05 – 0.06 −0.02 −0.19 0.77**
SG 0.54*** −0.12 −0.09 0.06 – −0.04 0.08 0.72***
SM 0.61*** −0.13 −0.03 −0.02 −0.04 – 0.00 0.74***
SL 0.71*** −0.11 0.11 −0.19 0.08 0.00 – 0.79***
Son 0.61*** 0.63*** 0.51*** 0.73** 0.58*** 0.63*** 0.74*** –
(b)	Nuclear SJ – 1.00** 1.00*** 1.00** 0.91*** 0.92*** 0.85*** 0.96***
Cat 1.00** – 0.00 0.00 −0.10 −0.11 −0.10 0.87***
SLI	+	SSF 1.00** 0.00 – 0.00 −0.06 −0.07 −0.06 0.89***
SSP 1.00** 0.00 0.00 – −0.13 −0.14 −0.14 0.86**
SG 0.81*** −0.06 −0.02 −0.10 – 0.01 0.00 0.76***
SM 0.89*** −0.09 −0.06 −0.13 0.00 – −0.03 0.82***
SL 0.77*** −0.05 −0.01 −0.09 −0.03 −0.01 – 0.72***
Son 0.87*** 0.86** 0.87*** 0.84** 0.72*** 0.83*** 0.71*** –





(Population) SJ SSPM Cat SA SLI SSF SSP SM SL GI
SJ – 0.78* −0.09 0.41 0.29 0.61* 0.55* 0.66** 0.53** 0.97***
SSPM 0.78* – 0.55 0.29 0.16 0.49* 0.17 0.49* 0.09 1**
Cat −0.04 0.50 – 0.21 0.17 0.49* 0.38 0.55* 0.45* 0.95**
SA 0.27 0.50 −0.03 – −0.21 0.26 −0.14 0.42* 0.16 0.94**
SLI 0.30 0.37 0.04 −0.21 – 0.21 −0.11 0.31* 0.09 0.86***
SSF 0.35* 0.40* 0.07 0.07 0.09 – 0.14 0.05 0.24* 0.89**
SSP 0.41* 0.33 0.09 −0.17 −0.13 −0.00 – 0.25 −0.04 0.93***
SM 0.52** 0.56* 0.30 0.30 0.28* 0.01 0.15 – 0.16 0.92***
SL 0.48** 0.06 0.24* 0.24* 0.20* 0.14 0.09 0.27* – 0.88***
GI 0.90*** 1*** 0.81*** 0.81*** 0.71*** 0.69*** 0.77*** 0.77*** 0.71*** –
FDR	corrected	p-	values:	*p	<	.05;	**p < .01; ***p	<	.001,	p-values	at	α	<	0.05	are	highlighted	in	bold.	The	coding	corresponds	to	the	sampled	sierras	(See	
Section	2,	Figure	1	and	Table	1	for	more	details).
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Specifically,	 all	 of	 the	 Washingtonia	 samples	 clustered	 together,	 as	
did	 all	 of	 the	 Brahea	 samples	 with	 the	 exception	 of	 B. edulis	 from	
Guadalupe	Island,	which	formed	a	third	cluster.
Finally,	we	used	information	on	the	sampling	sites	to	conduct	spa-
tial	 clustering	 analyses	within	 BAPS	 separately	 for	Washingtonia	 and	
Brahea	based	on	the	chloroplast	and	nuclear	data	respectively	(Figure	5).	
For	Washingonia,	 Voronoi	 tessellation	 graphs	 of	 both	 the	 chloroplast	












tributions,	 averaged	over	30	 replicates,	were	 around	0.97	 for	 both	
Washingtonia	 and	 Brahea	 indicating	 good	 predictive	 model	 perfor-
mance.	For	Washingtonia,	 the	environmental	 variables	 that	 contrib-
uted	the	most	to	the	Maxent	model	of	projected	current	distribution	
were	 precipitation	 of	 the	 driest	 quarter,	 mean	 temperature	 of	 the	
coldest	 quarter	 and	 mean	 temperature	 of	 the	 wettest	 quarter	 in	
ascending	order.	Together	 these	variables	contributed	over	70%	of	
the	 explanatory	 power	 of	 the	model,	 indicating	 that	 they	 are	 very	
good	 predictors	 of	 the	 contemporary	 geographical	 distribution	 of	
Washingtonia	palms.	For	Brahea,	precipitation	of	driest	quarter,	mean	
temperature	of	 the	warmest	 quarter	 and	mean	 temperature	of	 the	














palms	 cannot	 currently	 be	 found,	 such	 as	 the	 Pacific	 coast	 around	
the	30th	parallel	north.	The	projected	current	distribution	of	Brahea 
was	 somewhat	 restricted	 in	 comparison	 to	 Washingtonia,	 with	 SL,	
SSP	and	SSPM	being	the	main	areas	of	high	probability	of	occurrence	
(Figure	7a).
During	 the	mid	Holocene	 (about	6,000	years	ago)	 the	predicted	
geographical	distribution	of	Washingtonia	was	broader	than	the	con-
temporary	 distribution,	 with	 favorable	 habitats	 situated	 especially	
along	 the	 Pacific	 coast	 of	 the	 central	 and	 southern	 Baja	 Peninsula	
(Figure	6b).	By	 contrast,	 the	predicted	distribution	of	Brahea during 
the	 mid	 Holocene	 was	 similar	 to	 its	 current	 projected	 distribution	
(Figure	7b).	 Further	 back	 in	 time,	 during	 the	 last	 glacial	 maximum	
(about	 22,000	years	 ago),	 both	 species	 appear	 to	 have	 been	 re-
stricted	largely	to	the	southernmost	tip	of	the	peninsula,	with	Brahea 
also	predicted	to	occur	in	a	small	area	of	the	mid-	northern	peninsula	
(Figures	6c	 and	 7c).	 According	 to	 Maxent	 estimations,	 during	 the	
last	 interglacial	 (about	130,000	years	 ago),	Washingtonia’s	 predicted	
distribution	shifted	mainly	to	coastal	areas	of	both	the	northern	and	
southern	peninsula	 (Figure	6d).	Brahea	 on	 the	other	hand	 seems	 to	
had	have	experienced	favorable	conditions	across	much	of	the	pen-
insula,	which	extended	into	SG,	SSP	and	SSPM	(Figure	7d).	The	esti-
mated	niche	overlap	 for	Washingtonia	 and	Brahea	was	 considerable	
of	0.55	and	0.7	using	Schoener’s	D	 and	Hellinger’s-	based	 I,	 respec-
tively.	 Nonetheless,	 randomization	 tests	 of	 niche	 identity	 indicated	




We	have	 generated	 baseline	molecular	 data	 on	 species	 boundaries	
and	 the	population	 structure	of	native	palms	of	Baja	California	 and	
Guadalupe	 Island,	 which	 provide	 new	 insights	 into	 the	 histories	 of	
these	 unique	 species.	 Our	 initial	 prediction	 regarding	 the	 levels	 of	
genetic	 diversity	 and	 phylogeography	 of	 Washingtonia	 and	 Brahea 
were	only	partially	confirmed.	 In	accordance	with	expectations,	dis-
junct	and	isolated	populations	of	Baja	palms	contained	low	haplotype	
diversity.	 Additionally,	 ecological	 barriers	 like	 sea	 channels	 appear	













F IGURE  6 Probability	of	occurrence	of	Washingtonia palms	on	the	Baja	California:	(a)	at	present;	(b)	during	the	mid	Holocene;	(c)	during	the	
last	glacial	maximum	and	(d)	during	the	last	interglacial.	See	the	main	text	for	more	details
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of	Washingtonia	 inferred	 from	our	 sequence	data	 is	broadly	 in	 line	
with	previously	published	morphological	information	(Felger	&	Joyal,	
1999;	 Minnich	 et	al.,	 2011).	 Despite	 alleged	 hybrids	 having	 been	
reported	 on	 the	 basis	 of	 morphological	 data	 at	 Cataviña	 (Cornett,	
1987b)	 and	 hybridization	 between	W. robusta	 and	W. filifera	 being	
common	under	cultivation	(Hodel,	2014),	we	found	no	shared	haplo-
types	between	W. robusta	and	W. filifera	and	the	distributional	limits	



















for	 a	 unique	 haplotype,	 but	 that	 at	 the	 chloroplast	 sequence	 data	
B. edulis	could	not	be	distinguished	from	the	northern	peninsula	pop-
ulations	corresponding	to	B. armata.
There	 are	 several	 possible	 explanations	 for	 the	 observed	 differ-
ences	 between	 the	 chloroplast	 and	 nuclear	 sequence	 data	 within	
Brahea.	First,	introgression	of	chloroplast	DNA	cannot	be	discounted,	
but	 this	 seems	 unlikely	 given	 the	 degree	 of	 geographic	 isolation	 of	
Guadalupe	 Island	 and	 its	 geological	 origin	 (Moran,	 1996).	 Second,	
incomplete	linage	sorting	of	shared	ancestral	polymorphisms	could	be	
important,	 especially	 given	 the	 relatively	 low	 levels	 of	 observed	 se-
quence	polymorphism,	which	could	reflect	slow	chloroplast	mutation	









more	 informative	marker	panels,	 for	 instance	using	new	approaches	
such	as	genotyping	by	sequencing	(Narum,	Buerkle,	Davey,	Miller,	&	
Hohenlohe,	2013).













logical	 predictor	 of	 the	 contemporary	 distribution	 of	 Washingtonia 
and	 Brahea	 palms	 was	 precipitation	 of	 driest	 quarter,	 the	 second	
most	 important	 variable	 affecting	 Washingtonia’s	 distribution	 was	
the	mean	temperature	of	the	coldest	quarter,	whereas	for	Brahea	 it	
F IGURE  7 Probability	of	occurrence	of	Brahea palms	on	the	Baja	California:	(a)	at	present;	(b)	during	the	mid	Holocene;	(c)	during	the	last	
glacial	maximum,	and	(d)	during	the	last	interglacial.	See	the	main	text	for	more	details
(a) (b) (c) (d)
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was	 the	mean	 temperature	of	 the	warmest	quarter.	Predicted	 tem-





whereas	 Brahea	 has	 maintained	 a	 similar	 distribution	 for	 at	 least	
6,000	years.
Dispersal	 is	an	essential	element	that	shapes	patterns	of	genetic	
structure	 in	 the	Arecaceae	 (Eiserhardt,	Svenning,	Kissling,	&	Balslev,	
2011).	Although	many	vertebrates	 like	bats,	coyotes	and	foxes	have	









As	 expected,	 levels	 of	 haplotype	 diversity	 were	 low	 in	




unijugum,	 McCauley	 et	al.,	 2010;	 Quercus brandegeei,	 Cavender-	
Bares	et	al.,	2015)	as	well	as	to	Washingtonia	populations	in	the	USA	
(McClenaghan	&	 Beauchamp,	 1986).	Moreover,	 sequence	 diversity	
at	 the	 nuclear	 loci	was	 not	 evenly	 distributed	 along	 the	 peninsula	
and	 also	 showed	 differences	 between	 Washingtonia	 and	 Brahea 
(Figure	4).	 In	Washingtonia	palms,	higher	diversity	was	 found	 in	 the	
southern	sierras	(SL	and	SM),	whereas	in	Brahea	palms,	the	mid	penin-
sular	sierras	(SSF	and	SLI)	had	the	highest	nuclear	sequence	diversity	
(Figure	4).	Higher	 levels	of	diversity	 in	 the	 southern	populations	of	
Washingtonia	may	be	explained	by	postglacial	 range	expansion	and	
re-	colonization	of	 the	northern	peninsula	 from	southern	refugia,	as	
has	 been	 suggested	 for	 other	 Baja	 Peninsula	 plant	 species	 (Clark-	
Tapia	 &	 Molina-	Freaner,	 2003;	 Gutiérrez	 Flores,	 García-	De	 León,	
León	de	 la	Luz,	&	Cota-	Sánchez,	2016;	Nason,	Hamrick,	&	Fleming,	
2002).	This	scenario	was	also	supported	by	ENM	analysis	(Figure	6c),	
which	 suggested	 that	 during	 the	 LGM,	 predicted	 suitable	 habitats	
for	Washingtonia	became	restricted	to	a	narrow	coastal	 strip	at	 the	
southern	 tip	of	 the	Baja	Peninsula.	 Interestingly,	 another	predicted	









We	 therefore	 cannot	 discount	 the	 possibility	 that	 these	 observed	
patterns	could	have	been	partly	affected	by	selection	favouring	the	
retention	 of	 specific	 haplotypes	 through	 linkage	 disequilibrium	 to	
functional	loci.	One	way	to	test	for	this	would	be	to	genotype	func-
tional	 genetic	 markers	 putatively	 involved	 in	 adaptation	 (Luikart,	
England,	Tallmon,	Jordan,	&	Taberlet,	2003).
The	 pattern	 of	 sequence	 diversity	 found	 in	 Brahea	 may	 be	 ex-
plained	by	the	presence	of	 refugia	not	 in	 the	south,	but	 in	 the	mid-
dle	part	of	 the	peninsula	 (Garrick,	Nason,	Meadows,	&	Dyer,	2009).	








cies	boundaries	between	B. brandegeei	 from	 the	 southern	and	B. ar-
mata	from	the	northern	peninsula	using	morphological	characteristics	
(Felger	&	Joyal,	1999;	Minnich	et	al.,	2011).
Moving	 to	 the	 Guadalupe	 Island	 palms,	 we	 found	 comparably	












disturbance	 (Stuessy,	 Takayama,	 Lopez-	Sepulveda,	 &	 Crawford,	
2014).	When	all	of	these	factors	are	taken	into	account,	the	low	ge-
netic	diversity	detected	 for	B. edulis	 is	not	 surprising.	For	example,	








Brahea	 individuals.	Additionally,	 the	 long	generation	time	of	Brahea 
(Bullock	&	Heath,	 2006)	 and	 low	mutation	 rates	 in	 the	Arecaceae	
(Wilson	et	al.,	 1990)	may	both	 limit	 the	 rate	 at	which	new	genetic	
variation	is	acquired	by	B. edulis	(Stuessy	et	al.,	2014).
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et	al.,	2015;	Riddle	et	al.,	2000).	Most	notably,	 the	formation	of	 the	
Gulf	of	California	and	separation	of	the	Baja	California	Peninsula	from	
the	 Mexican	 mainland,	 which	 began	 approximately	 6	 million	 years	
ago,	 resulted	 in	 the	complete	or	partial	 isolation	of	many	plant	and	
animal	 populations	 on	 either	 side	 of	 the	 break	 (Dolby	 et	al.,	 2015;	
Garrick	et	al.,	2009;	Gutiérrez	Flores	et	al.,	2016;	Riddle	et	al.,	2000).	








one	 individual	 from	 the	Mexican	mainland	was	 analyzed,	we	 could	
not	 draw	 any	 firm	 conclusions.	 Nonetheless,	 although	 we	 lacked	
samples	from	the	Mexican	mainland	for	Brahea,	we	were	able	to	in-












More	 specifically,	 inundation	 of	 the	 Isthmus	 of	 La	 Paz	 isolated	 the	
Cabo	 region	 (SL)	 from	 the	 rest	 of	 the	 Baja	 Peninsula,	 whereas	 the	
mid-	peninsular	seaway	temporally	isolated	the	southern	and	northern	
parts	 of	 the	Baja	 Peninsula	 (Lindell	 et	al.,	 2006;	 Riddle	 et	al.,	 2000).	
Nonetheless,	the	exact	locations	of	the	proposed	seaways	as	well	as	
the	timing	of	their	formation	are	still	under	debate	(Dolby	et	al.,	2015).	
Regardless	 of	 the	 precise	 time	 and	 location	 estimates,	 these	 breaks	
are	 thought	 to	 be	 responsible	 for	 the	 observed	 patterns	 of	 genetic	












The	 authors	 are	 thankful	 to	 Alfonso	 Medel	 Narváez,	 Raymundo	
Domínguez	 Cadena	 and	 Julio	 Montoya	 for	 participating	 in	 the	
collection	 of	 samples.	 Logistic	 support	 for	 collecting	 on	Guadalupe	
Island	and	Sierra	La	Libertad	were	provided	by	the	Grupo	de	Ecología	
y	Conservación	de	Islas	and	Victor	Sanchez	Sotomayor,	respectively.	
The	work	was	 funded	by	 project	Red	Temática	 de	 Investigación	of	
CONACyT	(280030)	and		CONACYT	Basic	Science	project	(251919).	












modelling	 species	 distributions	 under	 climate	 change.	Global Ecology 
and Biogeography,	16,	743–753.
Axelrod,	D.	 I.	 (1950).	Classification	of	 the	Madro	Tertiary	Flora.	Carnegie 
Institution of Washington Publication,	59,	1–22.
Bacon,	 C.	 D.,	 Baker,	W.	 J.,	 &	 Simmons,	M.	 P.	 (2011).	Miocene	 dispersal	
drives	 island	 radiations	 in	 the	 palm	 tribe	 Trachycarpeae	 (Arecaceae).	
Systematic Biology,	61,	426–442.
Bacon,	C.	D.,	 Feltus,	F.	A.,	Paterson,	A.	H.,	&	Bailey,	C.	D.	 (2008).	Novel	
nuclear	 intron-	spanning	 primers	 for	Arecaceae	 evolutionary	 biology.	
Molecular Ecology Resources,	8,	211–214.
Baker,	W.	J.,	&	Couvreur,	T.	L.	P.	 (2013).	Global	biogeography	and	diver-













CBOL	 Plant	 Working	 Group	 (2009).	 A	 DNA	 barcode	 for	 land	 plants.	












Corander,	 J.,	Waldmann,	 P.,	 &	 Sillanpaa,	M.	 J.	 (2003).	 Bayesian	 analy-
sis	 of	 genetic	 differentiation	 between	 populations.	 Genetics,	 163,	
367–374.
     |  15KLIMOVA et AL.
Cornett,	J.	W.	(1985).	Reading	the	fan	palms.	Natural History,	94,	64–73.
Cornett,	 J.	W.	 (1987a).	 Three	 palm	 species	 at	 Catavina.	 Principes (USA),	
31(1),	12–13.




Cornett,	 J.	W.	 (2008).	 The	 desert	 fan	 palm	 oasis.	 In	 L.	 Stevens,	 &	V.	 J.	














versity	and	evolution	surrounding	the	Gulf	of	California.	Journal of the 
Southwest,	57,	391–455.
Eiserhardt,	W.	 L.,	 Svenning,	 J.	 C.,	 Kissling,	W.	 D.,	 &	 Balslev,	 H.	 (2011).	
Geographical	 ecology	 of	 the	 palms	 (Arecaceae):	Determinants	 of	 di-
versity	and	distributions	across	spatial	scales.	Annals of Botany,	108(8),	
1391–1416.







variance	 inferred	 from	 metric	 distances	 among	 mtDNA	 haplotypes:	
Application	 to	 human	 mitochondrial	 DNA	 restriction	 data.	Genetics,	
131,	479–491.
Felger,	R.	S.,	&	Broyles,	Y.	B.	(Eds.)	(2007).	Dry Borders: Great natural reserves 
of the Sonoran desert. Salt Lake City	 (p.	816).	Utah:	University	of	Utah	
Press.
Felger,	R.	S.,	Johnson,	M.	B.,	&	Wilson,	Y.	M.	F.	(2001).	The trees of Sonora, 
Mexico	(p.	400).	New	York:	Oxford	University	Press.
Felger,	R.	S.,	&	Joyal,	E.	(1999).	The	palms	(Arecaceae)	of	Sonora,	Mexico.	
Aliso: A Journal of Systematic and Evolutionary Botany,	18,	1–18.
Franco-Vizcaino,	 E.,	 Lopez-Beltran,	 A.	 C.,	 &	 Salazar-Cesena,	 M.	 (2007).	
Water	 relations	 and	 community	 composition	 in	 three	 blue	 fan	





est	in	Guadalupe	Island:	A	North	American	fog	oasis?	Revista Chilena de 
Historia Natural,	85,	137–145.
Garrick,	R.	C.,	Nason,	J.	D.,	Meadows,	C.	A.,	&	Dyer,	R.	J.	(2009).	Not	just	
vicariance:	 Phylogeography	 of	 a	 Sonoran	 Desert	 euphorb	 indicates	




of the National Academy of Sciences of the United States of America,	97,	
14017–14018.
Grismer,	L.	L.,	&	McGuire,	J.	A.	(1993).	The	oases	of	Central	Baja	California,	
Mexico.	 Part	 I.	 A	 preliminary	 account	 of	 the	 relict	 mesophytic	
herpetofauna	 and	 the	 status	 of	 the	 oases.	 Bulletin of the Southern 
California Academy of Sciences,	92,	2–24.
Gutiérrez	Flores,	C.,	García-De	 León,	 F.	 J.,	 León	de	 la	 Luz,	 J.	 L.,	&	Cota-
Sánchez,	 J.	 H.	 (2016).	 Microsatellite	 genetic	 diversity	 and	 mating	
systems	 in	 the	 columnar	 cactus	 Pachycereus pringlei	 (Cactaceae).	
Perspectives in Plant Ecology, Evolution and Systematics.,	22,	1–10.
Hafner,	D.	J.,	&	Riddle,	B.	R.	(1997).	Biogeography	of	Baja	California	penin-
sular	desert	mammals.	In	T.	L.	Yates,	W.	L.	Gannon	&	D.	E.	Wilson	(Eds.),	
Life among the muses: Papers in honor of James S. Findley	 (pp.	39–68).	
Albuquerque:	 The	 Museum	 of	 Southwestern	 Biology,	 University	 of	
New	Mexico.
Hall,	T.	A.	 (1999).	 BioEdit:	A	 user-	friendly	 biological	 sequence	 alignment	
editor	 and	 analysis	 program	 for	 Windows	 95/98/NT.	 Nucleic Acids 
Symposium Series,	41,	95–98.
Hamilton,	M.	B.,	&	Miller,	J.	R.	 (2002).	Relative	 rates	of	pollen	and	 seed	
gene	flow	 in	 the	 island	model	using	nuclear	and	organelle	measures.	
Genetics,	162,	1897–1909.
Hamrick,	 J.	 L.,	 &	Nason,	 J.	 D.	 (2000).	 Gene	 flow	 in	 forest	 trees.	 In	T.	 J.	




Journal of the Linnean Society,	151,	39–67.
Henderson,	A.,	Galeano,	G.,	&	Bernal,	R.	(1995).	Field guide to the palms of 
the Americas	(p.	498).	Princeton,	NJ:	Princeton	University	Press.
Hewitt,	G.	M.	 (1996).	Some	genetic	consequences	of	 ice	ages,	 and	 their	


















but	no	recent	bottlenecks.	Journal of Evolutionary Biology,	19,	167–175.
Kerr,	J.	T.,	&	Packer,	L.	 (1997).	Habitat	heterogeneity	as	a	determinant	of	
mammal	species	richness	in	high-	energy	regions.	Nature,	385,	252–254.
Kimura,	 M.	 (1980).	 A	 simple	 method	 for	 estimating	 evolutionary	 rate	
of	 base	 substitution	 through	 comparative	 studies	 of	 nucleotide	 se-
quences.	Journal of Molecular Evolution,	16,	111–120.
Kissling,	 W.	 D.,	 Baker,	 W.	 J.,	 Balslev,	 H.,	 Barfod,	 A.	 S.,	 Borchsenius,	 F.,	
Dransfield,	J.,	…	Svenning,	J.	C.	(2012).	Quaternary	and	pre-	Quaternary	
historical	 legacies	 in	 the	 global	 distribution	 of	 a	major	 tropical	 plant	
lineage.	Global Ecology and Biogeography,	21(9),	909–921.
Kissling,	W.	D.,	Eiserhardt,	W.	L.,	Baker,	W.	J.,	Borchsenius,	F.,	Couvreur,	
T.	 L.	 P.,	 Balslev,	 H.,	 &	 Svenning,	 J.	 C.	 (2012).	 Cenozoic	 imprints	 on	
the	 phylogenetic	 structure	 of	 palm	 species	 assemblages	worldwide.	




of the Royal Society of London B: Biological Sciences,	274,	799–808.
Kondo,	 T.,	 Crisp,	 M.	 D.,	 Linde,	 C.,	 Bowman,	 D.	 M.	 J.	 S.,	 Kawamura,	 K.,	
Kaneko,	 S.,	 &	 Isagi,	 Y.	 (2012).	 Not	 an	 ancient	 relic:	 The	 endemic	
16  |     KLIMOVA et AL.
Livistona	palms	of	arid	central	Australia	could	have	been	introduced	by	
humans.	Proceedings of the Royal Society of London B: Biological Sciences,	
279,	2652–2661.
León	De	La	Luz,	J.	L.,	Rebman,	J.	P.,	&	Oberbauer,	T.	(2003).	On	the	urgency	
of	 conservation	 on	 Guadalupe	 Island,	 Mexico:	 Is	 it	 a	 lost	 paradise?	
Biodiversity and Conservation,	12,	1073–1082.
León-De	 la	Luz,	J.	 L.,	&	Breceda,	A.	 (2006).	Using	endemic	plant	 species	
to	 establish	 critical	 habitats	 in	 the	 Sierra	 de	 La	 Laguna	 Biosphere	
Reserve,	Baja	California	Sur,	Mexico.	Biodiversity and Conservation,	15,	
1043–1055.





draconoides).	Molecular Phylogenetics and Evolution,	36,	682–694.





of	 the	 bird-	dispersed	 plant	 parasite	 Phoradendron	 californicum	





Mantooth,	 S.	 J.,	 Hafner,	 D.	 J.,	 Bryson,	 R.	 W.,	 &	 Riddle,	 B.	 R.	
(2013).	 Phylogeogrpahic	 diversification	 of	 antelope	 squirrels	
(Ammospermophilus)	across	North	American	deserts.	Biological Journal 
of the Linnean Society,	109,	949–967.
McCauley,	R.	A.,	Cortés-Palomec,	A.	C.,	&	Oyama,	K.	(2010).	Distribution,	
genetic	 structure,	 and	 conservation	 status	of	 the	 rare	microendemic	
species,	 Guaiacum unijugum	 (Zygophyllaceae)	 in	 the	 Cape	 Region	
of	 Baja	 California,	 Mexico.	 Revista Mexicana de Biodiversidad,	 81(3),	
745–758.
McClenaghan,	 L.,	 &	 Beauchamp,	 A.	 (1986).	 Low	 genic	 differentiation	
among	 isolated	populations	of	 the	California	 fan	palm	 (Washingtonia 
filifera).	Evolution,	40,	315–322.
McClintock,	E.	(1978).	The	Washington	fan	palm.	Fremontia,	6,	3–5.
Minnich,	 R.	 A.,	 Franco-Vizcaino,	 E.,	 &	 Salazar-Ceseña,	 J.	 M.	 (2011).	
Distribution	and	regional	ecology	of	Californian	palm	oases	interpreted	
from	Google	earth	images.	Aliso: A Journal of Systematic and Evolutionary 
Botany,	29(1),	1–12.
Moran,	R.	 (1996).	The	 flora	of	Guadalupe	 Island,	Mexico.	Memoirs of the 









etation	 community	 structure	 on	 Guadalupe	 Island,	Mexico.	 In	 D.	 K.	
Garcelon	&	 C.	A.	 Schwemm	 (Eds.),	Proceedings of the sixth California 
Islands Symposium	 (Pp.	 143–153).	Arcata,	 CA:	 National	 Park	 Service	
Technical	Publication	CHIS-05-01,	Institute	for	Wildlife	Studies.
Otto-Bliesner,	 B.	 L.,	Marshall,	 S.	 J.,	Overpeck,	 J.	T.,	Miller,	G.	H.,	Hu,	A.,	






Peterson,	A.	 T.,	 &	 Nakazawa,	Y.	 (2008).	 Environmental	 data	 sets	 matter	
in	ecological	niche	modelling:	An	example	with	Solenopsis invicta	and	





































Svenning,	 J.	 C.,	 &	 Skov,	 F.	 (2007).	 Ice	 age	 legacies	 in	 the	 geographical	








of	 phenotypic	 associations	with	 haplotypes	 inferred	 from	 restriction	
endonuclease	mapping	and	DNA	sequence	data.	III.	Cladogram	estima-
tion.	Genetics,	132,	619–633.











Warren,	D.	 L.,	Glor,	 R.	 E.,	&	Turelli,	M.	 (2010).	 ENMTools:	A	 toolbox	 for	
comparative	 studies	 of	 environmental	 niche	 models.	 Ecography,	 33,	
607–611.





Wehncke,	E.	V.,	&	López-Medellín,	X.	 (2015).	 Living	at	 the	edge:	Blue	
fan	palm	desert	oases	of	northern	Baja	California.	In	E.	Ezcurra,	R.	
Lara,	 S.	Álvarez-Borrego	&	 E.	V.	Wehncke	 (Eds.),	Conservation sci-
ence of Mexico′s Northwest	 (pp.	311–330),	México,	D.F.:	UCMexus,	
SEMARNAT	y	INECC-Semarnat.
Wehncke,	 E.	 V.,	 López-Medellín,	 X.,	 &	 Ezcurra,	 E.	 (2009).	 Patterns	 of	
Frugivory,	Seed	Dispersal	and	Predation	of	Blue	Fan	Palms	(Brahea ar-







California.	American Journal of Plant Sciences,	4(2A),	470–478.
Weir,	B.	S.,	&	Cockerham,	C.	C.	(1984).	Estimating	F-	statistics	for	the	anal-
ysis	of	population	struture.	Evolution,	38,	1358–1370.
Wiggins,	I.	L.	(1980).	Flora of Baja California	(p.	1025).	Stanford,	CA:	Stanford	
University	Press.
Wilson,	M.	A.,	Gaut,	B.,	&	Clegg,	M.	T.	 (1990).	Chloroplast	DNA	evolves	
slowly	in	the	palm	family	(Arecaceae).	Molecular Biology and Evolution,	
7(4),	303–314.
SUPPORTING INFORMATION
Additional	 Supporting	 Information	 may	 be	 found	 online	 in	 the	
	supporting	information	tab	for	this	article.	
How to cite this article:	Klimova	A,	Hoffman	JI,	Gutierrez-Rivera	
JN,	Leon	de	la	Luz	J,	Ortega-Rubio	A.	Molecular	genetic	analysis	
of	two	native	desert	palm	genera,	Washingtonia	and	Brahea,	from	
the	Baja	California	Peninsula	and	Guadalupe	Island.	Ecol Evol. 
2017;00:1–17.	https://doi.org/10.1002/ece3.3036
